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Within the frame of the long-term evolution of spent nuclear fuel in dry disposal, the behavior of He in
UO; polycrystals has to be studied. Here, strain relaxation in He implanted samples has been charac-
terized using in situ X-ray diffraction during thermal annealing. The influence of a wide range of
experimental parameters (annealing atmosphere, He ion energy, orientation of the UO; grains probed by
X-rays) has been evaluated. If each of them contributes to the strain relaxation kinetics in the implanted

layer, strain relaxation is not completed for temperatures below 900 °C which is equivalent to what has
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been found on He implanted UO; single crystals, or aged UO; pellets doped with a-emitters. In the case

XRD of implantation with 500 keV He ions, we clearly show that strain relaxation and He release are not
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correlated for temperatures below 750 °C.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The behavior of He in UO; has been extensively analyzed mainly
in the frame of long-term disposal of spent nuclear fuel, where
helium is produced by the alpha-decay of actinides produced
during in-pile irradiation [1—3]. Such studies have included many
aspects: He behavior (lattice location [4], diffusion and precipita-
tion [5—8]) but also created defect [9] and the induced strains in the
UO, matrix [10]. Different approaches have been used to produce
relevant samples: aging of UO, samples doped with short —lived a-
emitters [7,8,11—15], infusion [16], or ion implantation [1,5].

The alpha decay of actinides results in the production of both a
recoil nucleus of about 100 keV energy and a He particle (with
energy ranging from 5.5 to 7 MeV). lon implantation offers the
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opportunity to separate the contribution of both sources of damage
(i.e. electronic or ballistic) [10,21] and to handle low activity sam-
ples. However, the quantitative characterization of strains in ion
implanted polycrystals is not straightforward and from far less
direct than in UO, doped with short —lived a-emitters. Indeed,
because of the general difficulty to implant a UO,-based sample
over its full thickness, measured strains have firstly to be inter-
preted using mechanical models [17,18] which take into account
this specific geometry. Using this methodology, it is possible to
derive a swelling in the implanted layer that is equivalent to that
measured on samples doped with short lived o-emitters [19].
Secondly in case of implantation using high energy He ions, the
strain profile may not be constant over depth [20]. Finally, the
chosen analytical technique has to enable a measurement of strains
over the entire implanted layer. In other words, since the deepest
part of the implanted layer exhibits the highest damage level, it has
also to be probed. However, this is not systematically done because
strain measurements are usually performed using Diffraction with
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X-rays (XRD) that must have an energy high enough to study buried
layers in UO; which strongly absorbs X-rays.

The relaxation of strains has been analyzed in aged PuO, [12],
MOX [13], UpgAmgp20,_« [14] and even (Pu,Cm)O; [15] showing
that temperatures over 1100 °C are required to get a full strain
recovery. As pointed out by Prieur et al., the obtained isochronal
annealing curves are not only very close to each other but also close
to that obtained for He implanted {111} single crystals [14]. Note
that Turcotte came to a similar conclusion when comparing self-
irradiated PuO, and He implanted PuO, pressed pellets [21].
Strain relaxation has also been analyzed during isothermal
annealings on He implanted UO; polycrystals [22]. Under these
conditions, strain relaxation generally consists of two steps: the
first and shorter one (lasting about 5 min) leads to the largest strain
relaxation and is followed by a longer one (up to 10> min) with
slower relaxation kinetics. However, very few data can be found in
literature regarding strain relaxation in He implanted polycrystals
under thermal annealing. One single work could be found in liter-
ature, but the author mentioned an over-oxidation of the analyzed
sample which may have affected significantly the strain relaxation
kinetics in the He implanted layer [23]. As a consequence, there is a
need for an in-depth, rigorous reinvestigation of strain relaxation in
He implanted UO, polycrystals.

In this paper, the relaxation of strains induced by He ion im-
plantation is studied by XRD mainly in situ during thermal treat-
ment but also ex situ at room temperature. A wide range of
experimental conditions is investigated; this includes different
annealing types (iso-thermal or iso—chronal), conditions (temper-
ature, durations) and atmospheres (vacuum, or He/H;). Moreover
these studies are performed on UO; polycrystals implanted with
two kinds of He ions: either 60 keV “He or 500 keV >He ions. The
first ion energy offers the possibility to work on implanted layers
with a well-defined mechanical behavior at room temperature and
which present a simple in-depth strain profile [17,18,20]. The sec-
ond ion energy has been chosen to enable a direct comparison of
strain relaxation kinetics with He release kinetics [5,6]. Finally
these strain relaxation kinetics will be compared to those measured
in He implanted UO; {111} single crystal [22] and in self-irradiated
UO, -based samples.

2. Experimental methods

The crystallographic structure of fresh unstrained stoichio-
metric UO, is well assessed at room temperature. It is a cubic
fluorite like structure with a 5.47 A lattice constant [24] and an
Fm3m space group. The UO, samples considered in this work are
labelled B1 to B6, X1 to X12 and Z1 as shown in Table 1.

2.1. Sample preparation and ion implantations

Polycrystalline samples were initially cut from cylindrical pellets
with 8 mm diameter into roughly 1 mm thick disks. They were
subsequently annealed at 1700 °C for 24 h in a humidified flowing
Ar/5% Hy gas mixture (H,O/H; ratio of 1.7%). This guarantees that
the stoichiometry of the samples was close to 2. Samples were then
polished with decreasing grain sizes. The last polishing stage
involved a colloidal suspension known as OPU with circa 50 nm
particle size. The average grain radius in the obtained UO, disks was
determined from optical microscopy at roughly 9 pum. It has been
checked that no strain can be measured by laboratory XRD at this
step [17].

Specimens were subsequently implanted at room temperature
with He ions. One single sample has been implanted at the IPNL
using 60 keV “He* ions up to a 10'® ion/cm? final fluence. Seventeen
additional polycrystals were implanted with 500 keV 3He™ jons on

the van de Graaff accelerator at CEMHTI (Orléans) to fluences of
10'® ions/cm?. Among them, twelve samples were especially pre-
pared for this work whereas five disks were taken from another
work i.e. they were already available [6]. The first of this last group
is as-implanted, and the last four were further annealed at 750 °C
during 4 h, 800 °C during 4 h, 1000 °C during 0.5 h and 1100 °C
during 0.25 h respectively. Labels for these samples (i.e. B1, B2, B3,
B5, B6) have been previously attributed [5]. Note that it has been
checked that no surface flaking occurred as a result of the thermal
annealing even if they were performed at high temperatures (in
some cases above 1000 °C) [25].

For both implantation conditions, profiles of ion concentration
and damages were calculated with the SRIM software [26].
Displacement energies of 20 and 40 eV for O and U atoms were
used [27]. As shown in Fig. 1, the maximal damage values are about
0.5 and 0.2 dpa for 60 keV “He and 500 keV 3He ions respectively.
Note that the thickness of the damaged layer (which is quite close
to the strained one [20]) is about 0.3 um for 60 keV He implanta-
tions but much larger for 500 keV He ion implantation.

2.2. HR-XRD using synchrotron radiation

X-ray diffraction measurements were performed on BM32
beamline (ESRF, Grenoble) using a parallel highly monochromatic
(AEJE = 10~%) X-ray beam in the 0/20 geometry. These data col-
lections were performed in single grains [20] of the X11 as-
implanted He 500 keV polycrystal using a 17 keV X-ray beam and
a point detector. Grains with four different orientations ({111},
{200}, {220}, {311}) were probed. The X-ray penetration depth in
these grains with different out-of-plane orientations is not constant
but is at least 3 um which significantly exceeds the thickness (about
1.3 um) of the 500 keV He implanted layer (see Fig. 2 and Section
2.3.1). As a consequence, a non-implanted (and therefore un-
strained) part of this UO, polycrystal has been systematically
characterized. Fig. 3-A shows these measurements; it has been
chosen to plot the XRD data using AK/Kg values in abscissa where
K=2x %M) is the scattering vector magnitude and Ky is the values
for each Bragg line for fresh unstrained UO,. Therefore AK/Kg values
can be readily used to derive strains within the implanted layer.

2.3. Laboratory XRD for ex situ and in situ measurements

2.3.1. XRD analyses

For XRD measurements, two different setups were used. Both
are based on a BRUKER D8 advance diffractometer equipped with a
Cu X-ray source (Cu K,; and Cu K, radiations). Data were collected
in the 0/6 geometry using a Lynx Eye 1D solid state detector. For ex
situ measurements, the analyzed UO, sintered disk was spinned
around an axis perpendicular to its surface. The five sintered disks
(labelled B1—B6), taken from a previous work [5], were also
analyzed with this setup. Note that these samples were only
characterized after this isothermal annealing.

For XRD measurements during thermal annealing (referred to as
HT-XRD in the present article), a setup dedicated to the XRD
analysis in temperature of samples containing actinides (and
therefore placed inside a glovebox) has been used [28]. For the
characterization of bulk materials (i.e. not powders), the sample is
placed onto an alumina sample holder and heated using a radiative
Mo element. A MRI high temperature chamber has been used with
two different conditions: vacuum (2 x 10~> mbar) or a flowing He/
5%H, gas mixture. Temperature was measured using a type S
thermocouple placed a few hundred of micrometers above the
sample surface (without contribution to the XRD pattern).

For each in situ measurement, an XRD pattern has been collected
at room temperature before and after each thermal treatment over
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Table 1
Conditions of both thermal treatment and XRD analysis for each UO, polycrystals.
Sample Energy of the He ions used for implantation Type of Temperature (°C) Atmosphere Duration (h) XRD
number (keV) annealing analysis
Z1 60 Isochronal 20—1100 (with 50 and 100 °C temperature He/5% H, 1.8 h holding time/ In situ
step) temp
B1 [5] 500 None Ex situ
B2 [5] Isothermal 750 Vacuum 4 Ex situ
B3 [5] Isothermal 800 Vacuum 4 Ex situ
B5 [5] Isothermal 1000 Vacuum 0.5 Ex situ
B6 [5] Isothermal 1100 Vacuum 0.25 Ex situ
X1 Isochronal 20—900 (with 50 °C temperature step) Vacuum 0.1 h holding time/ In situ
temp
X2 Isothermal 180 Vacuum 64 In situ
X10 Isothermal 250 Vacuum 21 In situ
X3 Isothermal 300 Vacuum 64 In situ
X4 Isothermal 500 Vacuum 17 In situ
X5 Isothermal 620 Vacuum 18 In situ
X12 Isothermal 680 Vacuum 3 In situ
X6 Isothermal 730 Vacuum 21 In situ
X7 Isothermal 790 Vacuum 0.5 In situ
X8 Isothermal 870 Vacuum 17 In situ
X9 Isochronal 20—1000 (with 50 °C temperature step)  He/5% H, 0.1 h holding time/ In situ
temp
X11 None
0.5 . . . anisotropic material [17], it is important to characterize Bragg lines
— 16 j - . . . . .
He 500 keV 10 jons/cm? -damages with a contribution from the substrate which will be used as a
----- “He 60 keV 10'¢ ions/cm? -damages . .
0.4 ] ) (strain-free) reference for each temperature. For strain measure-
- 3He 500 keV 10%€ jons/cm? -concentration . . .
= E He 60 keV/ 10% ions/cm? concentration ments, Bragg lines occurring at the highest 26 values are usually
g 03 ¢ selected since they provide a better accuracy: a larger 20 difference
@ ’ ’ between Bragg lines coming from the unstrained and the strained
> part of the sample is obtained. Therefore, {620} and {440} for
E 02 example are analyzed for samples implanted with 500 keV He ions.
= : However, in the case of samples implanted with 60 keV He ions,
01 such high 20 Bragg lines cannot be used because Bragg lines
stemming from the implanted layer exhibit only very limited in-
tensity with respect to background for low data acquisition times

0.07 0.5 1.0 1.5
Depth (um)

Fig. 1. Calculated He concentration and damage profiles resulting from a 60 keV “He™

and 500 keV 3He* ion implantations into UO, polycrystals (at a fluence of 10'° ions/
2

cm®).

a wide 20 angular range. For non-ambient temperatures and
because of the evolution with time of the sample (and therefore of
the XRD patterns), only short data collections made sense: only few
Bragg lines could be measured at each temperature step.

For such a symmetric data acquisition geometry, the X-ray
penetration depth can be easily calculated provided that a criterion
regarding the maximal absorption inside the material is defined.
Here we assume that volumes located inside the sample cannot be
probed if more than 90% of the X-ray beam intensity is lost by
absorption inside the sample. Fig. 2 indicates the maximum depth
probed by 8 and 17 keV X-rays for each Bragg line. After comparison
of such values with the approximate He implanted layer thick-
nesses (for 60 and 500 keV), two conclusions can be drawn. First
using Cu K, radiations, X-rays are energetic enough to probe the
non-implanted part of the sample implanted with 60 keV He ions
for each Bragg line (even the ones occurring at the lowest 26 an-
gles). This will only be the case for Bragg lines measured at 26
values higher than 40° for samples implanted with 500 keV He
ions. It has been checked experimentally that no contribution of the
strain free substrate is observed for the {111} and {200} Bragg lines
as opposed to the {220} Bragg line (measured at 20 values of about
47°). For strain measurements at different temperatures in such an

needed for in situ analysis. This is a direct consequence of the very
limited thickness of the 60 keV He implanted layer as compared to
the X-ray penetration depth (see Fig. 2). Finally, at least one of the
following Bragg lines ({111}, {200}, {220} or their harmonics)
should be chosen in the set of Bragg line studied since the out-of-
plane strain is in this case the only non-zero component of the
strain tensor and is readily proportional to the linear free swelling
induced by the ion implantation [19]. As a result of these re-
quirements, {111}, {200}, {220}, {311} and {222} Bragg lines were
selected for the UO, disk implanted with 60 keV He ions whereas
{222}, {440} and {620} were chosen for the analysis of samples
implanted with 500 keV He ions.

2.3.2. Temperature calibration

Temperature has been calibrated under both annealing condi-
tions used in this work: dynamic vacuum and He/5%H> flowing gas.
This was done into two steps. First the lattice constant evolution of
a tungsten powder in the [20; 1100 °C] temperature range [29] was
measured. After this first temperature calibration, a second one has
been performed using a fresh (non-implanted) UO, sintered disk.
The obtained temperature evolution of the lattice constant was
compared to literature data [30]. An excellent agreement has been
found under reducing atmosphere. For measurements performed
under vacuum, a larger discrepancy has been found especially at
low temperatures (below 300 °C), although no significant oxidation
of UO; occurred during this isochronal thermal treatment up to
1000 °C. Indeed, firstly the UO; lattice constants measured during
the temperature increase are very close to those measured at the
same temperature during the temperature decrease (better than
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Fig. 3. XRD data measured in as-implanted >He 500 keV polycrystals. (A-) Single grain characterization with a monochromatic X-ray beam for Sample X11 and (B-) macroscopic
laboratory analysis using two Cu radiations (Cu K,; and Cu K,,) performed on Sample B1. Note that in (B-), the layer B peak due to Cu K, overlaps with the Cu K,; peak from layer A
and is therefore not indicated. In both plots, XRD data have been shifted vertically for a better visualization.

103 A). Furthermore, when comparing data measured before and
after the thermal treatment, two observations can be made: no
evolution of neither the UO, lattice constant nor the width of UO,
Bragg line can be found and no additional peak with intensity
significantly higher than background could be found in the pattern
measured after the thermal treatment. Finally, for isochronal
thermal treatments temperature stability was excellent since the
UO, lattice variation measured from the non-implanted substrate
was smaller than 5 x 1074 A,

To sum-up, temperature uncertainty has been evaluated to
+10 °C under He/5%Ha. Under vacuum, two values are considered:

+50 °C for temperatures below 300 °C and +30 °C for higher
temperatures. Reducing this temperature uncertainty will be the
goal of future developments.

2.3.3. Thermal treatment conditions

Twelve UO; polycrystals implanted with 60 and 500 keV He ions
were analyzed with in situ HT-XRD. Concerning the samples
implanted with 500 keV 3He* ions, isochronal annealing under
vacuum (sample X1) and reducing atmosphere (sample X9) were
first performed up to 900 and 1000 °C respectively. For both
annealings, the same temperature step (50 °C) and holding times at
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each temperature were applied. Isothermal annealings on these
500 keV 3He™ ions implanted UO, disks were done only under
vacuum (samples X2 to X8, X10 and X12). Durations chosen for
these isothermal thermal treatments are basically higher at low
than at high temperatures: they range from 0.5 up to 64 h. Finally,
samples coming from a previous work [5], and labelled B2—B6 were
annealed isothermally under vacuum at high temperatures (be-
tween 750 and 1100 °C) during few hours or even less. Sample B1
has not been annealed and is kept as a reference.

A single UO; polycrystal (Z1) implanted with 60 keV He ions has
been studied with in situ HT-XRD. These measurements were per-
formed under reducing atmosphere (He/5%H,) at 13 different
temperatures (up to 1100 °C). For each temperature, successive
“short” (3 min) diffraction patterns were collected repeatedly in the
vicinity of both the {220} and the {311} Bragg lines during an about
3000 s (i.e. about 50 min) time period, before the acquisition of a
longer (1 h) one which was performed over a wide 26 range. Such a
data acquisition strategy should ensure that strains do not evolve
significantly during the acquisition of the final pattern.

Table 1 gathers the annealing conditions for each UO, poly-
crystal considered in this work.

2.3.4. Data analysis

XRD data were refined using the Rietveld method [31] and the
FullProf software suite [32]; each Bragg line was analyzed inde-
pendently from the others. Data measured during isochronal and
isothermal annealing were analyzed manually and automatically
respectively. Indeed, since consecutive datasets may be very
different in isochronal thermal treatment, it was not possible to
analyze them automatically i.e. to prevent divergence of the least
square procedure. Note that in the automatic refinement proce-
dure, the refined values for a given pattern were used as input for
the analysis of the next one.

The refined interatomic distances are post-treated to determine
strains and strain relaxation. For each implanted sublayer (1 and 2
sublayers in 60 and 500 keV He implanted UO, samples respec-
tively (see Section 3.1)) and each analyzed temperature, the strain
component normal to the sample surface can be readily deter-
mined. With this aim, the equation below is used:

dhkl(’]‘) dhkl(T) _ dhkl(T)
hkl _ He ~ _He 0
ek (T)ln(dgm(T)> = 1)

where di¥(T) and df¥(T) refer to the interatomic distances be-
tween {hkl} planes in {hkl} oriented grains in a given He implanted
sublayer and in the strain free substrate respectively. It must be
underlined that absolute strain values are measured at each tem-
perature using HT-XRD on He implanted polycrystals, since the
Bragg line corresponding to the UO; strain free substrate is also
measured (and systematically in the same conditions as the
strained one). In other words, the thermal expansion of the U0,
lattice can be accurately taken into account. This is for example not
the case in HT-XRD studies of self-irradiated pellets were no in-
ternal strain free UO, reference is present: a correction using
literature data must be applied to remove the contribution of the
UO, thermal expansion which can be an additional source of error
[14].

In this paper it will be also convenient to consider strain
relaxation (or residual strain) which will be defined by:

hkl
A.E‘Qfl (T) & (T)

—_fz 7). 100. (2)
&'Q;d (Tamb)

3. Results

3.1. Mechanical model proposed for the implanted layer at room
temperature

3.1.1. Implantation with 60 keV *He* ions

For UO; polycrystals implanted with 60 keV He up to a limited
fluence (10'® ion cm™2), a well-established mechanical model is
available [17,19]. It assumes that ion implantation induces an
isotropic swelling which is prevented by the reaction of the non-
implanted part of the sample considered as infinite. Indeed, this
substrate cannot be deformed. Boundary conditions have been
defined, leading to the definition of a mechanical behavior law in
the elastic regime. This model has been validated using micro XRD
measurements. For three grain orientations ({100}, {110}, {111}),
the linear free swelling written s/3 is a linear function of the
measured out-of-plane strain [19]; its calculation is therefore
straightforward provided that elastic constants are known:

s Cn 100 _ 100

37120, x &, =0.65 x €, (3.A)

S Cii+Co+2Cy  110_ 110

37 2(Cyy 1+ 2C1) X g5, =0.5 x g, (3.B)

S_Cu+2C+4Ca 111 (46 (111 (3.0)
- ZZ N ZZ M

3 3(Ci1 +2C2)

In the following, Cq3, C12 and Cy44 are taken as constant whatever
the temperature and the irradiation conditions. Values provided by
Fritz (i.e. 389, 119 and 60 GPa respectively) have been selected for
this work [33]. Table 2 shows the linear swelling obtained by
averaging strains measured for the three grain orientations ({100},
{110} and {111}). The obtained linear swelling values (s/
3 = 0.46 + 0.01) for sample Z1 are in excellent agreement with
those measured in another UO; polycrystal implanted in the same
conditions (s/3 = 0.46 + 0.01) [19].

3.1.2. Implantation with 500 keV 3He* ions

To our best knowledge, no mechanical model has been proposed
for thicker implanted layers, where the strain is not homogeneous
along depth. XRD patterns measured in UO; polycrystals implanted
with 500 keV 3He™ ions, using laboratory diffractometers and
monochromatic X-ray diffraction (see Fig. 3), clearly show the
presence of two sub-layers (i.e. with different e,, strains) in the
implanted layer. HR-XRD data collected using synchrotron radia-
tions in the vicinity of the {220} Bragg peak have been analyzed
using the RADMAX software to provide both strain and structural
disorder profiles [34,35]. To obtain reliable results, oscillations
present in the HR-XRD data have to be accurately fitted (see Section
2.3.1). Many combinations of strain and structural disorder profiles
were tested. Two of them gave a satisfactory and similar agreement
between measured and calculated HR-XRD data. The best solution
has been selected using a unique reasonable hypothesis: the fitted
structural disorder has to be higher in the deepest part (deeper
than 0.6 pm) of the implanted layer in agreement with the higher
damage values calculated in this area. Fig. 4A and -B show the so-
obtained e;; strain profile and the comparison between measured
and calculated HR-XRD patterns. The strain profile exhibits two
plateaus at 0.9% and 0.58% which are attributed to layer B and A
respectively in agreement with the qualitative interpretation of
Fig. 3 (see Sections 2.2 and 2.3.1). Moreover it can be seen in Fig. 4-A
that Layer A ranges from 0.2 to 0.4 um and layer B from 0.7 to
0.9 pm.

Finite element calculations have first demonstrated that in such
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Linear free swelling in He implanted UO; polycrystals at room temperature prior to any thermal treatment. In each of these samples, this swelling has been calculated using the
measured out-of-plane strains in grains with three different out-of-plane orientations ({100}, {110} and {111}).

Sample He ion energy (keV) Linear free swelling before thermal treatment (%)
Layer A Layer B
Using £100 Using e}10 Using el Average Using 190 Using e}10 Using e}11 Average
Z1 60 0.46 0.46 0.46 0.46 + 0.01
B1 [5] 500 0.29 0.27 0.27 0.28 + 0.01 0.41 0.38 0.40 0.40 + 0.01
X1 0.28 0.25 0.28 0.28 + 0.02 0.45 0.43 0.43 0.43 + 0.01
X2 0.33 0.30 0.29 0.30 + 0.02 0.46 0.43 0.42 0.43 + 0.02
X10 0.32 0.35 0.31 0.32 + 0.02 0.42 0.45 0.44 0.44 + 0.01
X3 0.33 0.34 0.33 0.33 + 0.01 0.42 0.45 0.44 0.44 + 0.01
X4 0.31 0.32 0.31 0.28 + 0.01 0.42 0.44 0.42 0.42 + 0.01
X5 0.27 0.27 0.29 0.27 + 0.01 0.41 0.42 0.42 0.42 + 0.01
X12 0.30 0.30 0.31 0.30 + 0.01 0.43 0.44 0.43 0.43 + 0.01
X6 0.30 0.27 0.29 0.29 + 0.02 0.44 0.42 0.42 0.43 + 0.01
X7 0.29 0.28 0.29 0.29 + 0.01 0.44 0.43 0.43 0.43 +0.01
X8 0.25 0.26 0.25 0.25 + 0.01 0.42 0.42 0.42 0.42 + 0.00
X9 0.27 0.27 0.28 0.27 + 0.01 0.44 0.42 0.42 0.43 + 0.01
X11 0.31 0.31 0.29 0.31 + 0.01 0.43 0.44 0.43 0.45 + 0.02
Average 0.29 + 0.02 0.29 + 0.03 0.29 +0.02 0.29 + 0.02 043 +0.01 043 + 0.02 042 + 0.01 043 + 0.01
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Fig. 4. Out-of-plane strain profile measured on HR-XRD data collected in the vicinity of the {220} Bragg line in a 500 keV *He* implanted UO, polycrystal. (A-) Comparison between
the strain and damage profiles and (B-) agreement between measured and calculated data.

a case, each sublayer exhibits a mechanical behavior independant
from the others [18,36,37]. Therefore, linear free swelling is calcu-
lated for each sub-layer using Eq. (3) as for the He 60 keV implanted
layer (with almost constant strains along depth). It is also assumed
here that UO, grains behave independently which is less appro-
priate than for polycrystals implanted with 60 keV He ions
[18,36,37]. For each UO; polycrystal implanted with 500 keV He
ions considered in this work (and each sub-layer), Table 2 shows
the linear free swelling calculated based on the measured e, strain
for grains oriented along {100}, {110} and {111}. The linear free
swelling values, for a given layer (A or B) and a given polycrystal, are
in excellent agreement. This confirms the existence of two layers
with different isotropic swelling in UO;, polycrystals implanted
with 500 keV He up to a final fluence of 10'® ionjcm?.

Whereas polycrystals X1—X11 have been implanted in the same
conditions, strains measured prior to any thermal treatment may
fluctuate from one sample to another. To measure accurately strain
relaxation, it is important to characterize samples in their as-
implanted state at room temperature. This has not been possible
for samples B2—B6 (see Section 2.3); the initial strains for these
samples were taken identical to those measured on B1 (as they

were implanted during the same campaign).

Finally it must be mentioned that other polycrystals implanted
in the same conditions do not exhibit a clear presence of the sub-
layer A in XRD patterns: the strain profile differs from the one
shown in Fig. 4. Within the frame of this work, they have been
disregarded since at this time, no convincing explanation was
raised to interpret this observation.

3.2. Strain relaxation kinetics

For all samples tested in this work, Table 3 provides an evalu-
ation of the linear free swelling after thermal treatment. These data
are measured at room temperature.

3.2.1. Isochronal thermal treatments

3.2.1.1. Behavior of polycrystal “Z1” under iso-chronal thermal
treatment and a reducing atmosphere (He 60 keV). Diffraction data
measured in the vicinity of {220} and {311} Bragg lines during the
thermal treatment performed under reducing atmosphere up to
1100 °C are shown in Fig. 5. Again Bragg lines are doubled because
of the X-ray incoming beam which is made of two wavelengths, the
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Table 3
Linear free swelling evaluated in He implanted UO, polycrystals measured at room
temperature after thermal treatment.

Sample He ion energy (keV) Linear free swelling after thermal
treatment (%)
Layer C Layer A Layer B
Z1 60 0.03
B1[5] 500 — — —
B2 [5] — 0.03 0.08
B3 [5] — 0.02 0.05
B5 [5] — 0.02 0.03
B6 [5] 0.02
X1 - 0.04 0.11
X2 — 0.26 0.38
X10 — 0.23 0.34
X3 0.12 0.18 0.29
X4 — 0.08 0.18
X5 — 0.04 0.10
X12 - 0.03 0.09
X6 0.04
X7 0.03
X8 0.01
X9 0.03 0.05 0.14
X11 — — —

two emission lines of copper (Cu K;; and Cu K,3). At room tem-
perature, two couples of Bragg lines can be seen: the first couple is
associated with the strained implanted layer whereas the second
comes from the non-implanted substrate. For {220}, these lines
occur first at 46.5 and 46.6° and then at about 47.0 and 47.1°(26).
With increasing temperature, Bragg lines coming from the un-
strained substrate are shifted towards low diffraction angles as a
result of lattice expansion. Moreover, the difference in diffraction
angle between Bragg lines from the substrate and from the
implanted layer decreases obviously. The images obtained for four
Bragg lines ({111}, {200}, {220} and {222}) show a plateau in strain
recovery in the [500; 600 °C] temperature range which does not
seem to be the case for {311}. In a first approximation, the strain
recovery seems to be the fastest in the [400; 500 °C] temperature
range. Moreover for temperatures in the [250; 500 °C] range, an
additional contribution (with ¢22°~0.3%) can be observed at
diffraction angles intermediate between strained and unstrained
UO, Bragg lines. This demonstrates an evolution in the in-depth
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strain profile (see Section 4.2).

These data have been quantitatively analyzed, confirming the
first qualitative presentation of strain recovery given above. Fig. 6
shows the measured strains along the normal of the sample sur-
face in the implanted layer for different times and temperatures
(i.e. ezz(T,t)). Whatever the Bragg line, it can be observed that the
kinetics of strain relaxation depend on temperature. Considering
{220}, e77 strain evolve very significantly at 400 and 500 °C by more
than 0.09% (about 10% of the initial strain value) during the first
2500 s. On the contrary, at 100, 200, 550, 600, 900, 1000 and
1100 °C, these strains are almost constant taking into account error
bars. Considering now {311}, strain relaxation kinetics are clearly
different: if they are still high at 400 °C and limited below 300 °C, at
550 °C, 1000 and 1100 °C, they are now very limited also at 500 °C
and not negligible at 600 °C. For {311}, theses strain relaxations
appear to be steadier with temperature than for {220}. Note finally
that the temperature increase from 900 to 1000 °C, has a much
higher influence on the strain relaxation measured with {311} than
with {220}.

Strains measured on five ({111},{200},{220},{222} and {311})
Bragg lines at these 13 temperatures after almost up to 6600 s
holding time can be compared as shown in Fig. 7. In this figure,
strain recovery (i.e. AefX) instead of e, strain is plotted versus
annealing temperature. In a first approximation, strain recovery
measured from these five Bragg lines exhibits the same trend. A
more quantitative approach shows some differences in particular in
the [400; 600 °C] temperature range: {311} presents a behavior
different from that observed for the four other Bragg lines ({111}
(and obviously {222}), {200}, {220}) which are very close. This
suggests that, in this temperature range, the definition of a single
free swelling value to describe the remaining consequences of He
60 keV implantation is not rigorously accurate.

An estimation of the average strain relaxation with temperature
for the 60 keV He polycrystal has been tentatively calculated: these
average values have been determined based on four crystallo-
graphic orientations ({200}, {220}, {311} and {222}) for each
annealing temperature. Fig. 8 shows these averaged values. Error
bars indicate the associated minimal and maximal residual strains.
This figure also shows a first derivative of this curve after fitting and
smoothing with cubic splines [36]. The maximal strain relaxation
rate occurs at 400 °C.

Temperature (T

20(°)

Fig. 5. Evolution under the same isochronal thermal treatment performed under reducing atmosphere of the {220} (A-) and {311} (B-) Bragg lines measured in the same UO,
polycrystal implanted with 60 keV He ions up to a 10'® ions/cm? final fluence (polycrystal written “Z1” in Table 1). The color code goes from white to black for low and high
measured intensities respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Polycrystal written “Z1” in Table 1.
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Fig. 7. Residual strain measured using 5 different Bragg lines in the 60 keV He
implanted layer as a function of temperature after about up to 6600 s holding time
(Polycrystal written “Z1” in Table 1). Note that the total holding time at each tem-
perature is not strictly identical for each Bragg line: it is about 4300 s for {220} and
{311} (see Fig. 6). However Fig. 6 demonstrates that no significant strain evolution
occurs after 3000 s holding time. Strain values measured using different Bragg lines
can therefore be compared in this graph.

3.2.1.2. Behavior of polycrystal “X9” under iso-chronal thermal
treatment and a reducing atmosphere (He 500 keV). The mechanical
behavior of polycrystal X9 has been studied in situ using HT-XRD
during an isochronal annealing under reducing atmosphere (He/
5%H>). Holding time at each temperature was about 350 s after
temperature stabilization. Diffraction data collected during this
analysis were restricted to the vicinity of the {222} Bragg line.
Fig. 9-A shows the temperature evolution of this Bragg line during
this thermal treatment. As described in Fig. 3-B, the presence of
three couples of Bragg lines can be seen at room temperature; they
are associated with the non-implanted substrate and with the two
components (written Layers A and B) of the He implanted layer. At
room temperature their angular position is (58.4, 58.6), (58.0, 58.2)
and (57.8, 58.0) respectively. As expected, the angular position of
the Bragg lines associated with the implanted layer becomes closer
to those related to the non-implanted part, the strongest variation
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Fig. 8. Variation of the average strain relaxation (data point and smoothed curve) and
of its first derivative with respect to temperature. Case of the 60 keV He implanted
layer of the “Z1" UO, polycrystal.

happening for temperatures in the [300; 400 °C] range. As in the
previous experiment, strain recovery in this temperature range
occurs at the same time as a modification of strain gradient profile
(see Section 4.2). For temperatures higher than 400 °C, strain
variation in the implanted layer seems to be limited. However
above 800 °C, strains in layer B are more difficult to estimate since
this layer is less easy to observe (lower intensity, broadening or
overlap with layer A peaks).

Then this diffraction data were analyzed quantitatively using the
Rietveld method. It has been chosen to use three different lattice
constants to fit the implanted layer, except in the [25; 250 °C]
temperature range. An additional layer, written C, is therefore
considered (without however indication about its in-depth loca-
tion) with strain values lower than in layer A. The measured £222
strains and strain recovery (i.e. Ae22?) are shown in Fig. 10-A and —B
respectively. Three temperature ranges have to be considered. First,
below 300 °C, the strain recovery is limited as temperature in-
creases. At 300 °C, remaining strains in layers A and B are higher
than 80%, and the contribution of layer C is observed (0.4%) for the
first time. At 400 °C, layer A strongly and sharply decreases
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Fig. 10. Strains (A-) and strain recovery (B-) measured in the X9 polycrystal (UO, implanted with 500 keV He ions) under reducing atmosphere. These measurements are based on

the analysis of the {222} UO, Bragg line.

followed by layer B at a temperature higher by 50 °C. Then strain
recovery in layers A and B does not evolve significantly up to 850 °C,
where the presence of layer B can be definitely assessed (because of
a possible overlap with layer A Bragg peak). Strains in layer A keep
on decreasing and remaining strain is close to 26% at 1000 °C. At
this temperature, strains in layer C are about 0.1%. Strain recovery
cannot be considered in layer C since it is not present at room
temperature.

To conclude, it has been assessed with this study that strain
recovery in layers A and B are similar for temperatures up to about
800 °C; for higher temperatures, the strain recovery in layer A
seems to be higher and the presence of layer B could not be defi-
nitely demonstrated. Finally for temperatures above 300 °C, the in-
depth strain profile is modified (as compared to the one measured
at room temperature).

3.2.1.3. Behavior of polycrystal “X1” under iso-chronal thermal
treatment (He 500 keV, vacuum). The study of strain relaxation in
the implanted layer of the X1 sample has been performed in the
same conditions than X9, except the atmosphere: vacuum has been

used in this case. Fig. 9-B shows the data measured during this
experiment in the vicinity of the {222} Bragg line. Again it can be
seen that (i) between 300 and 400 °C an accelerated strain relax-
ation occurs, (ii) this relaxation is not completed at 860 °C and (iii)
an additional Bragg peak coming from the implanted layer appears
for temperatures in the [400; 500 °C] range.

These three observations are confirmed by Rietveld refinement.
The results are given in Fig. 11-A and B- for strains and strain re-
covery respectively. First strain relaxation in layer B is smoother
than in layer A. If their strain recovery in both layers is identical for
temperatures up to 450 °C, strains in layer A decrease much more
significantly in the [450; 500 °C] temperature range. For higher
temperatures, strain relaxation with temperatures remains similar
in both layers. The existence of layer A and B is assessed up to 650
and 800 °C respectively. Indeed above 650 °C, Bragg peaks associ-
ated with A overlap significantly with those of the non-implanted
substrate. Using the pattern collected after the annealing at room
temperature over a wide 26 angular range (and in particular Bragg
lines appeaing at high 26 angles), the existence of remaining
strains in layer A has been confirmed.
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Fig. 11. Strains (A-) and strain recovery (B-) measured in the X1 polycrystal (UO, implanted with 500 keV He ions) under vacuum. These measurements are based on the analysis of

the {222} UO, Bragg line.

3.2.2. Isothermal annealing: behavior of polycrystals
"X2—X8",”X10”, “X12” and “B2—B6” under vacuum (He 500 keV)

The strain relaxation in the He 500 keV implanted layer has
been measured under vacuum on nine samples for temperatures
ranging from 180 to 870 °C and durations from 0.5 up to 64 h.
Results of the quantitative analysis (i.e. Rietveld refinement) is
shown in Fig. 12. Whatever the temperature, the obtained curves
first show a faster strain relaxation (in the first 300 s) and then a
slower one. Strain relaxation kinetics are very close for each studied
temperature except for 250 °C, where layer B strain recovery is
much quicker. Even for the longest thermal treatment, strain re-
covery is incomplete. Strain recovery is generally larger for layer A
than B for a given annealing duration and temperatures above
200 °C. Below this threshold value, strain recovery is too low to
conclude. For temperatures of 300 °C or higher, this difference of
residual strain equals to about 20%.

As expected from the isochronal study (see Section 3.2.1.3),
strain profile variations have been observed during the isochronal
study at 300 °C. However, based on the collected data, it was not
possible to characterize them. Finally for high temperatures (above
730 °C), microstructural changes in the implanted layer are
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twofold: not only strains decrease significantly but also a sort of
recrystallization occurs. Here this recrystallization is associated
with the increase in measured intensity for a given Bragg line
during the isothermal annealing. This is shown by Fig. 13 where the
integral intensities of the {620} Bragg line (from both the implanted
layer and the substrate) measured at four different temperatures
are compared. For a better visualization and comparison of the
variation with time of these integral intensities, they are first
normalized to the maximal value measured during a given
isothermal treatment. Then they are fitted using either constant or
saturated exponential functions (i.ef(t) =A+B x exp C—a)
when more relevant. An increase in integral intensity is* orfly
observed during the isothermal annealing at the highest temper-
atures (730 and 870 °C) but not for the lowest (180 and 620 °C).
The strain recovery measured during the isochronal annealing
under vacuum of He implanted UO, polycrystals can be compared
to the values obtained after an isothermal annealing at the same
temperatures (see Fig. 14). The residual strains are systematically
lower in the samples treated isothermally. This can be explained by
the systematic longer holding time chosen here for an isothermal
annealing than for an isochronal one (see Table 1). It must be
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Fig. 12. Residual strain measured in the X2-X8, X10 and X12 polycrystals (UO, implanted with 500 keV He) under vacuum during isothermal annealings.
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mentioned that strain relaxation measured ex situ at the end of
thermal treatments in polycrystals B2 to B6 is also in a good
agreement with the data measured by in situ HT-XRD whereas
thermal annealings under vacuum were performed in different
furnaces. Again, for these four samples, the e7; values measured in
the as-implanted B1 sample have been used to define the initial
reference state which may be an additional (but limited) source of
uncertainty.

4. Discussion
4.1. Parameters influencing strain relaxation kinetics

Three parameters influence the measured strain relaxation of a
He implanted UO, polycrystal. Firstly, strain relaxation presents
some difference in the [400; 900 °C] temperature range depending
on the Bragg line (i.e. grain orientation) which is considered. This
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Fig. 14. Strain recovery measured in fourteen UO, polycrystals (implanted with
500 keV He ions up to 10'® ion/cm?) annealed under vacuum.

means that at this step, an accurate strain relaxation associated
with a given implanted UO; polycrystal sample cannot be defined.
Secondly, Fig. 15-A shows that strain relaxation in two UO; poly-
crystals implanted with He ions of 60 keV and 500 keV energy
respectively is not strictly the same. Note that such a quantitative
comparison is possible in this figure since in both cases (i) the strain
relaxation is measured using the same {222} Bragg line and (ii) the
maximal strain in the implanted layer (e.g. layer B for the sample
implanted with 500 keV He ions) is considered. Finally, it is clear
that the atmosphere used for the thermal annealing has an influ-
ence on strain relaxation for temperatures above 200 °C (see
Fig. 15-B). This is especially true for layer A which is more signifi-
cantly relaxed under vacuum than under He/H; for temperatures
higher than 500 °C. Assuming that vacuum conditions induce a
slight oxidation of the UO, surface, the faster strain relaxation ki-
netics observed under vacuum could be explained. With a better
description of the strain profile in the implanted layer for each
temperature, we have verified that the closest layer from the
sample surface (i.e. Layer A (see Fig. 4-A)) exhibits accelerated
strain relaxation in the sample annealed under vacuum. Eventually,
note that strain evolution in the implanted layer is smoother under
vacuum.

4.2. In-depth strain profile variation during thermal annealing

A modification of the in-depth strain profile has been clearly
observed during thermal treatments for temperatures in the [300;
500 °C] range especially under reducing atmosphere. This strain
variation has been observed whatever the energy of the He ions
used for implantation: additional Bragg lines are observed in the
pattern measured at 300 °C on the 60 keV He implanted polycrystal
(see Fig. 16-B) and in the one measured at 350 °C on the 500 keV He
implanted polycrystal (see Fig. 16-D). For this last case, this addi-
tional Bragg line is associated to a “Layer C” in the implanted part.
These Bragg lines have not been observed in the patterns measured
at room temperature before any thermal treatment (see Fig. 16-A
and -C respectively for a comparison).

4.3. Strain relaxation versus temperature: comparison with
literature data

The characterization of strain relaxation with temperature has
been reported for different UO, based materials: UO, poly and
single crystals implanted with o particles [22,23], self-irradiated
MOX [13], UpgAmg205_x [14] or (Pu,Cm)O, pellets [15]. For a
comparison of these results with the data presented in this paper,
we propose to focus on the case of polycrystal Z1 (implanted with
60 keV He ions) which is the simplest mechanical system to analyze
and for which the most robust conclusions regarding strain relax-
ation with temperature have been provided here.

Fig. 17 shows this comparison for temperatures up to 1200 °C.
Even if those data have been obtained using different experimental
conditions (annealing atmosphere, temperature ramp, holding
times, XRD data collection strategies), a good qualitative agreement
can be observed if the measurement done on UO, polycrystal
implanted with 5.5 MeV He ions is not considered. Indeed only in
this last experiment, a full strain relaxation is complete at 600 °C
whereas it is not the case at 1100 °C for other five experiments. This
odd behavior for the UO; polycrystal implanted with 5.5 MeV He is
probably the consequence of an experimental problem (oxidation
of the polycrystal) [23]. Therefore this measurement will not be
considered in the subsequent part of this paper. As a consequence it
seems that relaxation of strains stemming from He implantation or
self-irradiation in single or polycrystals is identical at a first
approximation. Turcotte came to a similar conclusion comparing
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the strain recovery for self-irradiated and o bombarded PuO,
polycrystals [21].

A more accurate analysis of Fig. 17 shows that the strain relax-
ation measured on self-irradiated materials is smoother than data
collected on He implanted UO, materials (single or polycrystals).
Indeed for this last type of materials, steps in strain relaxation are

more visible. This suggests that in He implanted UO, samples, a
lower number of defect types is present. Moreover these steps are
found not strictly at the same temperature for He implanted UO,
single and polycrystals: plateaus are observed first between 300
and 500 °C and then between 600 and 800 °C on UO5 single crystal
implanted with o particles, whereas only one (between 500 and
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Fig. 17. Comparison between strain relaxation with temperature in the Z1 polycrystal
(U0, implanted 60 keV He ions) and UO, single and poly crystals implanted with
5.5 MeV He ions [22], MOX [13], (Pu,Cm)O, [15], UggAmg,0,_x [14] self-irradiated
pellets. Note that “SC” and “PC” stand for single crystal and polycrystal respectively.

600 °C) can be seen in the annealing of the polycrystal implanted
with 60 keV He ions.

4.4. Comparison of He release with strain relaxation-defect
identification

The He concentration in the implanted UO, polycrystal has been
measured after a thermal treatment under vacuum for samples
B2—B6 using nuclear reaction analysis [5,6]. Residual strains in
these samples have been measured subsequently, allowing a
comparison between kinetics of both strain relaxation and He
release for temperatures below 1100 °C (see Fig. 18). Firstly it ap-
pears that the higher the annealing temperature, the lower both
the residual He concentration and the remaining strain. Secondly
this comparison shows that at 750 °C, a low fraction of the He has
been released (less than 20%) whereas most of strain is relaxed
(more than 80%). This means that for temperatures in the [300;
750 °C] temperature range, the observed significant strain
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Fig. 18. Comparison between residual strain and residual He in UO, polycrystals B2 to
B6. Residual He concentration stands for the He fraction which has not been released
from the samples.

relaxation cannot be directly attributed to the He release: both
phenomena are not correlated in this temperature range. As a
consequence, the strains annealed below 750 °C are caused by
defects very few associated with He atoms.

This confirms the validity of defect attributions done for each
recovery stage observed during thermal annealing of UO, based
materials damaged by He particles (self-irradiation or ion implan-
tation). This defect attribution is performed by comparing activa-
tion energies deduced from measurements (XRD [22], differential
scanning calorimetry [7]) with modelling data from literature. With
this approach the two first recovery stages evidenced at [300;
400 °C] and at [550; 600 °C] are attributed to the recombination of
point defects (O and U interstitials respectively) i.e. defects not
related to He. Only for the third recovery stage (observed at higher
temperature i.e. close to 900 °C), the association of defects with He
was proposed [22].

Beyond the association of these defects with He or not, the exact
nature of the defects is still a matter of debate. Indeed, for tem-
peratures in the [300; 400 °C] range, positron annihilation spec-
troscopy measurements have suggested the presence of defects
based on uranium vacancies or on complexes involving uranium
vacancies [9]. Note finally that advances in the interpretation of
Raman spectroscopy measurements in such samples would prob-
ably help to identify the nature of defect involved at the two first
recovery stages. Indeed, with this technique, it has been shown on
UO, polycrystals implanted with 25 MeV He®* jons [38], that a full
recovery of the damage peaks is obtained for temperatures ranging
from 525 up to 675 °C which is again not the case for XRD and DSC
for example. In other words, Raman spectroscopy is not sensitive to
the defects involving He atoms which are annealed at higher
temperatures.

5. Conclusion

The behavior under thermal annealing of He implanted UO;
polycrystals has been analyzed using in situ XRD under various
experimental conditions: vacuum, reducing atmosphere and
different He ion energies. This enables to demonstrate firstly that
no full recovery in the implanted layer is found for temperatures
below 900 °C and secondly that strain relaxation and He release are
two distinct mechanisms at a macroscopic scale. Thirdly strain
relaxation in grains with different out-of-plane orientations in the
same implanted UO, polycrystal is not strictly identical and the
strain profile evolves during annealing especially when a reducing
atmosphere is selected. The use of in situ XRD is extremely well
adapted to the characterization of strain evolution in the implanted
layer because both the implanted layer and the non-implanted
substrate are probed simultaneously. This is not the case for
example for the study of self-irradiated pellets since an additional
correction for the thermal expansion of the damaged material has
to be performed. However this advantage may become a limitation
in case of small deformations because Bragg lines from the sub-
strate and the implanted layer may overlap. To overcome this
problem and to access the strain profile within the implanted layer,
the use of synchrotron radiation would be well suited. Another
important prospect to this work could be the analysis of strains at
grain boundaries [37,39] since He release is quicker there than in
grain cores [5]. Finally it would be very interesting to compare the
strain relaxation kinetics obtained here for He with those measured
in case of implantation with fission product. Preliminary work
within this frame has been initiated [40].
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